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Abstract
Defects in wide-bandgap semiconductors provide a pathway for applications in
quantum information and sensing in solid state materials. The silicon vacancy
in silicon carbide has recently emerged as a new candidate for optical control
of single spin qubit with significant material benefits over nitrogen vacancies
in diamond. In this work, we present a study of the coherence of silicon va-
cancies generated via proton irradiation as a function of implantation depth.
We show clear evidence of dephasing interactions between the silicon vacancies
and the spin environment of the bulk crystal. This result will inform further
routes toward fabrication of scalable silicon carbide devices and studies of spin
interactions of in high-density ensembles of defects.
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1. Background
Point defects in wide bandgap semiconductors are of great research inter-
est in applications involving quantum information processing, quantum mea-
surement and single photon emitters utilizing solid-state optoelectronic devices.
The canonical solid state spin qubit has been the negatively charged nitrogen
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vacancy (NV) center in diamond. Studies of NV centers have shown coherence
times in excess of 100 µs [1, 2, 3], single photon generation [4], nanoscale nuclear
magnetic imaging [5, 6, 7] and applications in quantum metrology [8, 9].
1.1. SiC defects
Diamond has significant drawbacks as a scalable platform for quantum tech-
nologies, however, including the high cost of fabrication and the relatively poor
emission characteristics of the NV center zero-phonon line (ZPL). Recently, sig-
nificant focus has been brought to bear in a search for suitable defects in other
wide-bandgap semiconductors [10]. Several defects in silicon carbide (SiC) have
emerged as candidates predicted to have spin characteristics similar to those
found in diamond [11, 12, 13, 14, 15, 16, 17, 18]. SiC offers significant ad-
vantages over diamond as a host for solid state spin qubits including a robust
industrial capacity for high-throughput SiC microfabrication and emission in
telecom compatible wavelength bands [19, 20]. Additionally, SiC exists in over
250 polytypes, enabling the spin characteristics of each defect to be effectively
engineered [12].
1.2. High-density ensembles
While significant effort has gone toward studies of the coherence of single
SiC defects, little work has been done in the high-density ensemble limit. The
radiative interactions of large ensembles of two-level optical systems have been
the basis for ultra-stable lasers [21] and quantum magnetometry [22]. Recently,
superradiant coupling was demonstrated in the solid state for the first time in
a dense ensemble of diamond NV centers [23]. In this report, we show that the
VSi spin coherence time is strongly dependent on the depth within the sample
and, thus the defect density. Furthermore, we show evidence that dipole-dipole
interactions scale with defect density, thus indicating that proton irradiation
is a viable route to generating high-density ensembles with strong radiative
coupling.
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2. Methods and Materials
In this report, we focus on the SiC silicon vacancy (VSi) due to its low abun-
dance in commercially available high purity SiC, emission in the near-infrared,
and unique spin structure [24, 25, 26, 27, 28, 29]. In the current published re-
search on the silicon vacancy in SiC, four main defect generation methods have
been employed: ion implantation [30, 12], electron beam irradiation [31, 28],
neutron irradiation [32, 33] and proton irradiation [34, 35, 36, 32]. For future
device applications utilizing engineered defects in SiC, it is critical to identify
the appropriate implementation protocols and the effect each may have on the
spin coherence properties.
2.1. Proton irradiation
The samples are commercially available (CREE) high purity semi-insulating
4H-SiC substrates. Defects were generated by irradiation with a 2 MeV proton
beam from a tandem linear accelerator. The samples were flood irradiated in air
with the beam parallel to the c-axis of the bulk crystal. Proton fluence in the
sample used in this study was 3.5× 1015 proton/cm2. Ion stopping calculations
yielded a projected proton range of 32 µm into the bulk crystal [37]. The
majority of the proton-induced defects of all types are expected to reside at this
depth from the irradiated sample surface, with a smaller density of defects in the
rest of the irradiated bulk. Unlike Ref. [34], no annealing step was performed
and all emission is from natural and unannealed radiation damage defects alike.
2.2. Photoluminecence
Defect photoluminescence (PL) is excited by below-gap excitation (850 nm)
via a microscope objective (0.65 NA, 50×), as illustrated in Fig. 1(a). Exci-
tation light is generated from a tunable Ti:sapphire laser in either continuous
wave or pulsed mode via a an acoustic optical modulator. The scattered defect
emission is collected by the same objective, and sideband PL filtered by a long
pass filter and sent either to a cooled, back-thinned Si CCD for spectroscopy or
a Si avalanche photodiode for optically detected magnetic resonance (ODMR).
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Figure 1: (a) Schematic of the experimental setup. (b) Typical PL spectra of irradiated
SiC at 22K (black) and 136K (red) showing the ZPL of V1 and V2 and the broadening
into phonon sidebands at elevated temperatures. (c) Energy level diagram of the V2 silicon
vacancy. Optical transitions from the excited state (ES) to the ground state (GS) through
the intersystem crossing (IS) are shown from each spin sub-state. The transitions shown by
solid arrows occur at a faster rate than the dashed transitions. See Ref. [29] for full details of
the transition rates.
The excitation and collection are arranged confocally along the cleaved edge
of the sample on a stepper motor stage to allow scanning from the irradiated
face of the sample along its depth. Microwave excitation is achieved by driv-
ing a loop of 50 µm diameter gold wire shorted between the center electrode
and the outer conductor of a coaxial cable with a radio frequency generator.
A static magnetic field is applied parallel to the c-axis via an external electro-
magnet. Photoluminescence (PL) spectra at two different temperatures from a
representative proton-irradiated 4H-SiC sample are shown below in Fig. 1(b).
At low temperatures (< 25 K), emission from mid-gap defects can be iden-
tified as narrow peaks in the near-IR. The peaks at 1438 meV and 1353 meV
(referred to as V 1 and V 2 respectively) are associated with the zero-phonon
lines of transitions from the two non-equivalent silicon vacancy sites in the 4H
polytype hexagonal lattice [27, 29]. At room temperature (not shown), the
emission in the phonon sidebands dominates and the zero-phonon lines broaden
and weaken. This work focuses on the V 2 transition which has a strong spin-
dependence in PL intensity at room temperature.
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Figure 2: (a) Energy levels as a function of increasing static magnetic field. Transitions a and
b are ODMR-active, while c results in no change in PL intensity. (b) ODMR scan of a sample
irradiated at 3.5× 1015 proton/cm2 at a static field of 68.5 mT. The red line is a Lorentzian
fit. (c) Rabi pulse sequence. (d) Rabi rotations of the transition shown in 2(b) at 2022 MHz
at a depth of 13 µm (top) and 30 µm (bottom). The red line is a fit to a damped sinusoid.
3. Results
The spin state of the VSi is measured via the mechanism of optically detected
magnetic resonance (ODMR). As shown in the energy level diagram in Fig. 2,
the 4H silicon vacancy has a S = 32 ground state (GS) that is excited by optical
excitation to a spin 32 excited state (ES) [28, 38]. Relaxation from the ES to the
GS can occur through spin-preserving optical emission as well as a non-radiative
pathway via intermediate states (IS) connecting different ms sub-states.
In the case of V 2, the intensity of the PL is spin-dependent due to the higher
probability of IS crossing transitions from ms = ± 32 to ± 12 [16, 24]. This also
leads to a spin polarization of the V2 defect via optical pumping of the GS
preferentially into the ms = ± 12 sublevel, a key requirement for optical spin
control [25]. In the absence of an external magnetic field the splitting between
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the degenerate ms = ± 12 and ± 32 sublevels in the GS is 2D = 70 MHz. At
non-zero fields parallel to the c-axis the spin sublevels split apart with a linear
dependence on B, as shown in Fig. 2(b) [29, 38]. Dipole-allowed (∆ms = ±1)
transitions between spin sublevels are labelled a, b and c in Fig. 2(a). In the
ODMR mechanism, microwave radiation resonant with transition a or b will
drive a transition from one spin sublevel to another, resulting in a change in PL
intensity which is detected via a Si photodiode and a lock-in amplifier. As shown
in Fig. 2(b), two transitions at 1883 and 2022 MHz are detected with a static
magnetic field of 68.5 mT under continuous wave optical excitation. Transition
c results in no change in spin state and thus no variation in PL intensity.
3.1. Pulsed methods
To assess the effect of defect density on the lifetime and coherence of defect
spins, it is necessary to employ pulsed methods. Rabi rotations are achieved by
utilizing optical pulses to prepare the defect ensemble in an initial spin state and
then vary the width of a microwave pulse resonant with transition a or b. A final
optical pulse measures the change in spin-dependent PL intensity. As shown in
Fig. 2(d), the Rabi rotations resonant with the spin transition at 2022 MHz
under static magnetic field of 68.5 mT are strongly damped due to the rapid
inhomogeneous spin relaxation of the ensemble T ∗2 [28]. This damping becomes
significantly more pronounced as the maximum depth of proton implantation
is approached, indicating an increase in inhomogeneous dephasing, potentially
due to non-radiative interactions with other defects.
3.2. Coherence time as a function of depth
In order remove the effect of inhomogeneous dephasing from the ensemble
and measure the single defect coherence time (T2), the Hahn echo separated
pulse sequence is utilized [13]. In this method, as illustrated in Fig. 3(a), an
initial optical pump pulse prepares the ensemble into an initial spin polarization.
A pi2 resonant microwave pulse with a pulse width determined by the Rabi
measurements rotates the ensemble spins into a superposition state. After a
6
Figure 3: (a) Pulse sequence for the Hahn spin echo measurements. (b) Typical spin echo
measurement at a depth of 8 µm. (c) Coherence time (T2) (left axis, the red dotted line is a
guide to the eye) and total integrated defect PL intensity (right axis, blue solid line is a guide
to the eye) as a function of depth within the sample.
fixed delay T and subsequent free induction decay, a pi pulse reverses the polarity
of the spins, followed by a final pi2 pulse after a variable delay time t. The degree
of coherence after the final microwave pulse is proportional to the change in the
PL sideband intensity with a final off-resonant optical pulse. As shown by
the Hahn echo scan in Fig. 3(b), the coherent echo signal at t = 2T damps
out with increasing delays with characteristic coherence time T2. In this work,
Hahn spin echo scans were performed at a series of depths within the bulk
of the sample from just below the irradiated front surface to the calculated
proton deposition depth. As shown in Fig. 3(c), we measured a near-monotonic
decrease in T2 from a maximum of 11.5 µs near the surface to 3.4 µs at a depth
of approximately 40 µm. The integrated PL intensity at each depth increases
as the stopping layer is approached, indicating an increase in the overall defect
density that correlates with the decreasing coherence time.
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4. Conclusions
4.1. Dipole-dipole interaction
Recent work on single VSi [13] and defect ensembles [28] generated by elec-
tron irradiation as well as proton irradiation [36] has indicated decoherence
times on the order of 100 µs at room temperature. However, the coherence
time has shown a strong dependence on defect density. For instance, Ref. [36]
and [32] show a decrease in T2 from approximately 300 µs to 100 µs as proton
fluence increases from 1013 to 1014 cm−2. Thus, the surface T2 = 11.5 µs in our
higher density sample fits this scaling law, indicating that dipole-dipole interac-
tions with neighboring VSi is the dominant decoherence mechanism [36]. There
is also a sharp decrease in T2 as depth in the sample increases, indicating that
the defect density may increase by an additional factor of 3 in the vicinity of the
stopping layer. This is critical in designing high-density ensembles of interacting
dipoles. For instance, recent demonstrations of superradiance in diamond NV
centers required an ensemble of 1016 interacting spins in a milimeter-sized mode
volume [23].
4.2. Electron spin envelope modulation
It has been shown that the envelope modulation of the spin echo shown in
Fig. 3(b) can be attributed to spin-spin interactions between the unpaired va-
cancy electrons and nearest neighbor nuclear spins [29, 38, 28]. In our work,
the delay time T was short enough with respect to the dephasing time that this
electron spin modulation could be neglected and a single exponential decay fit
the spin echo. Furthermore, as shown in Ref. [28], the spin echo revival at
short delay times is suppressed by the application of a moderate external mag-
netic field, justifying our choice to ignore the envelope modification. However,
as defect density increases toward the superradiant threshold, it will be impor-
tant to quantify the impacts of nuclear hyperfine interactions on the ensemble
coherence time.
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4.3. Future Work
Our work shows that proton irradiation is a viable route to generating high-
density ensembles of VSi while providing a path toward engineering the coher-
ence time of these defects through implantation depth. Further work will be
required to identify the specific dephasing mechanisms involved between defects
and the proton-induced damage layer. Additionally, the relationship between
irradiation energy (and thus depth) and defect density must be established. Fi-
nally, achieving superradiant emission from a dense ensemble of SiC defects is
a critical step to realizing chip-scale ultra-stable lasers and detectors.
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